In this study we compared the ability of conventional and field-emission scanning-electron-microscopy (FESEM) and energy-dispersive analysis of X-rays (EDX) to visualise and map inorganic nano and microparticles in Southern pine (Pinus sp.) treated with an aqueous dispersion of micronised copper-carbonate and iron oxide. Conventional SEM-EDX was able to detect areas of the wood microstructure that contained higher concentrations of copper and iron, but EDX maps were affected by drift and specimens suffered beam damage. The high brightness of the FESEMʼs electron beam at low accelerating voltages reduced beam damage and helped when mapping the distribution of copper and iron particles. The clarity of EDX maps was further improved by using drift-correction software and by mapping low energy X-rays. FESEM-EDX was able to resolve individual copper and iron microparticles. We conclude that FESEM-EDX shows promise as a means of resolving and mapping the distribution of inorganic metal particles in wood and that this may lead to greater use of the technology as interest in the treatment of wood with inorganic nano and microparticles grows.
INTRODUCTION
Preservative systems consisting of aqueous dispersions of copper-carbonate and iron oxide nano and microparticles have just begun to be exploited commercially for the treatment of wood (Leach & Zhang 2004 Chen et al. 2006) . The performance of these systems is not well known, but previous studies have shown that the ability of preservatives to prevent deterioration of wood in soil depends in part on their uniform distribution in the porous microstructure of wood and on the capacity of bioactive components to penetrate cell walls and to react with hemicelluloses and lignin (Hulme & Butcher 1977; McNamara et al. 1981; Hale & Eaton 1986; Zhang & Kamdem 2000) . Hence, when new preservatives are developed, research is invariably conducted to examine their distribution in treated wood. Laser 1) Forestry and Forest Products Research Institute, Ibaraki, mhiroshi@ffpri.affrc.go.jp]. 2) Hitachi High Technologies America, Inc., Pleasanton, CA 94588, U. S. A. 3) Centre for Advanced Wood Processing, University of British Columbia, Vancouver, Canada. mass spectrometry has been used to examine the distribution of inorganic elements in plant tissues (Klein & Bauch 1981; Kuhn et al. 1997; Marienfeld 2000) , but electron microscopy in combination with energy dispersive analysis of X-rays (EDX) is the method of choice for examining the distribution and cell wall penetration of biocides, particularly metals, in preservative-treated wood. Scanning or transmission electron microscopy in combination with EDX has been used in the past to assess whether chlorine, copper, chromium, titanium, silicon and zinc in different wood preservative systems are able to penetrate wood cell walls (Greaves 1972 (Greaves , 1974 Dickinson 1974; Desai & Côté 1976; Dickinson & Sorkhoh 1976; Drysdale et al. 1980; McNamara et al. 1981; Greaves & Nilsson 1982; Yata & Nishimoto 1983; DeGroot & Kuster 1984; Parameswaran et al. 1985; Miyafuji & Saka 1997; Dawson-Andoh & Kamden 1998; Kamden & Mcintyre 1998; Petric et al. 2000; Matsunaga et al. 2004; Cao & Kamden 2005; Tingaut et al. 2005; De Vetter et al. 2006) . Some of these studies have also looked at differences in the distribution of such elements in earlywood and latewood in softwoods, and the vessels, fibres and rays of hardwoods DeGroot & Kuster 1986; Dawson-Andoh & Kamdem 1998; Petric et al. 2000; Matsunaga et al. 2004) . FESEM-EDX has not been used before to map nanoparticles in treated wood even though some preservatives, for example, copper dimethyldithiocarbamate deposit crystalline particles in wood (Kamdem & Mcintyre 1998) .
EDX can be used to detect elements at a particular location in a sample (point analysis) or map the distribution of elements in a selected area. The majority of studies of the distribution of metals in preservative-treated wood have used point analysis to detect variations in the concentrations of metal elements within cell walls and between different tissue types. Some of these studies have also included dot maps of treated wood, which show higher concentrations of metals in wood cell walls compared to lumina or in certain tissue types Parameswaran et al. 1985; Matsunaga et al. 2004; Cao & Kamden 2005; De Vetter et al. 2006) . The resolution of these maps, however, is much lower than secondary electron images, and they only reveal large variations in the concentrations of metal elements. The resolution of X-ray maps can be improved by increasing the scanning time, but this can lead to specimen drift and blurred images (Russ 1984; Reed 1993) . Alternatively, beam current and energy can be raised, which increases the number and energy of electrons hitting the target and the possibility of X-ray photons being emitted. However, this can lead to specimen damage (Russ 1984; Reed 1993) . Furthermore, as the accelerating voltage is increased the size of the volume of sample excited by the electron beam increases which makes it difficult to map small surface features. These limitations explain why it has always been difficult to obtain good X-ray maps at high magnifications (Russ 1984) . Accordingly, mapping of metal elements in wood treated with copper and iron nanoparticles is challenging because some of the particles lie near the resolving power of SEM. Recently, however, electron microscopes and EDX systems have been developed that make it easier to obtain X-ray maps at high magnifications, and these have found application in the mapping of low concentrations of metals in doped nano-scale semi-conductor devices (Huang et al. 2005) .
In this study we compared the ability of state-of-the-art conventional and field emission (FE) SEM-EDX to visualise and map inorganic nano and microparticles in the porous microstructure of Southern pine treated with an aqueous dispersion of micronised copper-carbonate and iron oxide. A subsequent paper will compare the concentration of metals in cell walls of wood samples treated with a conventional wood preservative or an aqueous dispersion of copper and iron micro and nanoparticles. The FESEM used in this study contained a cold cathode emitter which provided a very bright electron source capable of good resolution at low electron voltages. The EDX system attached to this microscope contained a number of features that permitted elemental mapping at low metal concentrations and high magnification. These features included an X-ray detector with a high take-off angle and most importantly drift correction software. We hypothesised that this type of EDX system in combination with FESEM would be much better at visualising and mapping copper-carbonate and iron oxide nano and microparticles in treated southern pine than conventional SEM-EDX.
MATERIALS AND METHODS
Four air-dried Southern pine (Pinus sp.) boards, 38 (thickness) × 140 (width) × 1500 (length) mm in size, that had been pressure treated with an aqueous dispersion of copper carbonate and iron oxide particles (1 to 25 000 nm in size) were purchased commercially from a big box retail outlet in the USA. The species identity of the treated Southern pine boards was unknown. A strip measuring 38 × 140 × 10 mm was sawn from the centre of each board. Small specimens measuring 10 × 10 × 1.5 mm were cut from the sapwood of each board. These specimens were either split using a single-edged razor blade to expose radial surfaces, or cut in the dry condition using a sledge microtome (Spencer-lens) to reveal their transverse surfaces.
A conventional scanning electron microscope was used to examine treated wood specimens. Specimens were coated with carbon and examined using a JEOL JSM-5600LV scanning electron microscope equipped with a JEOL JED-2140 EDX system. This microscope was used to examine and map the distribution of copper and iron in treated wood samples. The microscope employed an accelerating voltage of 15 kV; illuminating current of 1.5 nA; working distance of 20 mm; take off and tilt angles of 30° and 0°, respectively, dead and dwell (digital map) times of 15-20% and 0.2 msec / point, respectively. The elemental peaks detected were Fe-Kα and Cu-Kα using window widths of 6.33-6.48 keV and 7.96-8.13 keV, respectively.
A second matching set of specimens containing prepared transverse and radial faces were attached to aluminium stubs and coated with iridium. A FESEM (HITACHI S4800) equipped with an EDX (EDAX Apollo system) was used to map the distribution of copper at high resolution and differentiate copper from iron particles. Images were viewed in backscattered electron mode and a YAG detector and/or upper detector were used to capture backscattered electrons. The operating conditions were as follows: accelerating voltage, 5 to 15 kV; illuminating current, 0.7 nA; working distance, 15 mm; take off angle, 30°; tilt angle, 0°; dwell time (digital map), 0.2 msec/point; pixels, 256 × 200; elemental peaks detected were Fe-Lα, Cu-Lα and Cu-Kα; window widths were 0.65-0.74 keV, 0.88-0.97 keV and 7.94-8.13 keV, respectively. A drift correction system and software were employed to prepare sharp high resolution maps of copper and iron particles.
RESULTS AND DISCUSSION
Numerous white deposits could be clearly seen using conventional SEM in wood treated with the nano-copper wood preservative. These deposits were concentrated in the lumina of rays and some tracheids (Fig. 1) and on bordered pits (Fig. 2) . The deposits contrasted strongly with underlying wood cell walls when observed using backscattered electrons ( Fig. 1 & 2) . These electrons provide a signal that is dependent upon atomic number, suggesting that the deposits contained heavy elements, possibly copper and iron. EDX mapping using a conventional SEM confirmed that the deposits contained iron (Fig. 3) and copper (Fig. 4) . These maps depict the X-ray photons emitted as a result of electron transitions from L to K orbitals, Fe-Kα and Cu-Kα, respectively. The warmth of colours in the maps represents the intensity of X-rays, with white indicating a high intensity, and therefore a high concentration of inorganic elements. In order to obtain these maps, high accelerating voltages (15 kV) and currents (1.5 nA) were used in combination with long (2 h) mapping times. Unfortunately, this resulted in damage to the wood tissues (circled in Fig. 5 ). Such damage occurs because most of the energy of the incident electron beam is dissipated in interactions that generate heat (Russ 1984; Reed 1993) . In materials that are good conductors such as metals this heat is conducted away from the target area, but in wood, which is a poor conductor, this does not happen and thermal damage to samples occurs (Russ 1984; Reed 1993) . Another problem associated with the long mapping time was drift of specimens. The backscattered electron image of bordered pits in treated wood (Fig. 5) shows that the inorganic deposits did not extend beyond the borders of the pits. EDX maps of the same pits, however, showed that the elements extended beyond the pit border (arrowed in Fig, 6 ). In this image, red indicates the presence of iron, green the presence of copper, and yellow the presence of both iron and copper. Both elements appeared to be present in the same location on the bordered pit, and it was not possible to determine if the iron and copper particles formed aggregates or were present as separate particles. FESEM in combination with EDX was much better at mapping separate copper particles than conventional SEM-EDX. An X-ray spectrum collected during imaging of copper and iron particles in a bordered pit chamber is shown in Figure 7 . Figure 8 is a backscattered electron image of the pit that was mapped. The X-ray spectrum shows peaks corresponding to emissions of photons resulting from electron transitions between different electron orbitals. Mapping using the lower energy Cu-Lα peak to the left of the spectrum (Fig. 9) produced a higher resolution image than that resulting from the use of the Cu-Kα peak (Fig. 10) . In the former it is possible to distinguish some of the larger copper particles observed in the backscattered electron image (Fig. 8) , whereas it is difficult to distinguish individual copper particles using maps of the Cu-Kα peak. The reasons for this are that the peak to background ratio of the Cu-Lα peak was greater than the Cu-Kα peak (Fig. 7) . Secondly, the spatial resolution of X-rays is inversely proportional to their energy (Reed 1993) . In our case the excitation energies (absorption edges) for the Cu-L and Cu-K lines were 0.932 and 8.979 kV, respectively, and therefore particles deposited on cell walls would be easier to see in maps produced using the Cu-Lα peak. There was no evidence of drift in the maps produced using the FESEM-EDX, and this also contributed to the clarity of the X-ray maps. These maps, however, were obtained using an accelerating voltage of 15 kV, and there was also evidence of beam damage to samples (circled in Fig. 8) .
Improvements to the resolution of X-ray mapping and reductions in beam damage can be obtained by lowering the accelerating voltage, but the electrons must still have sufficient energy for X-ray excitation. As a rule of thumb the accelerating voltage should be 2 to 3 times the excitation energy (absorption edges) for the relevant shell of a particular element (Russ 1984; Reed 1993) . For common elements with atomic numbers from 11 to 30 (Cu = 29 and Fe = 26) the excitation energies for the K shell are typically in the range 1 to 10 kV. Therefore accelerating voltages of 10 -25 kV are appropriate. The excitation energies (absorption edges) for the L shell are much lower, as mentioned above. Hence, it was possible to use a lower accelerating voltage to map copper and iron particles using their L lines. This further improved the resolution of images and reduced beam damage to samples. Figure 11 shows the X-ray spectrum of treated wood obtained using an electron beam accelerating voltage of 5 kV. Individual particles could be clearly seen in 5 kV backscattered electron images of bordered pit chambers (Fig. 12) . Copper particles were more prominent in pit chambers and it was possible to differentiate between copper and iron particles using EDX (Fig. 13  & 14) . No specimen drift occurred and beam damage was absent. The use of a lower accelerating voltage (5 kV) during the FESEM-EDX analysis of L-lines of copper and iron clearly improved the resolution and clarity of elemental maps of wood containing nano and microparticles. The L-line of copper, however, overlaps with the L-lines of zinc and nickel and the K-lines of sodium. The L-line of iron overlaps with the L-lines of cobalt and manganese and the K-lines of fluorine. Therefore it is not possible to separately map such elements using their L lines when they are together in a sample.
In our case, however, there was good separation between the L lines of copper and iron and preliminary analysis of K-lines established that copper and iron were the only elements present in samples (apart from the iridium coating). Hence, the 5 kV FESEM maps of L-lines produced here (Fig. 13 & 14) were able to separately map copper and iron particles. Conventional SEM can also map L-lines, but the larger radius of the electron beam and specimen drift prevents small objects, such as individual particles from being seen. CONCLUSIONS Conventional SEM-EDX was able to detect areas of the wood microstructure that contained higher concentrations of copper and iron, but EDX maps were affected by drift and specimens suffered beam damage. The high brightness of the FESEMʼs electron beam at low accelerating voltages increased its ability to resolve microparticles that were deposited on wood cell walls compared to conventional scanning electron microscopy. The use of low accelerating voltages with FESEM also reduced beam damage, and improved the resolution and clarity of elemental maps of wood containing nano and microparticles. The clarity of FESEM-EDX maps of copper and iron were further improved by using drift correction software and by mapping low energy X-rays (L-lines) in preference to higher energy X-rays (K-lines). Conventional SEM images and EDX maps of treated Southern pine revealed that both copper and iron were deposited in the lumina of rays and some tracheids and on bordered pits. FESEM-EDX maps revealed that copper particles tended to cluster more than iron particles, but both elements were present in the wood as separate particles. Both conventional SEM and FESEM-EDX were clearly able to detect areas of the woodʼs microstructure that contained higher concentrations of copper and iron nano and microparticles but only FESEM-EDX was able to accurately map the spatial distribution of particles and resolve individual copper and iron microparticles. We conclude that FESEM in combination with EDX shows promise as a means of resolving and mapping the distribution of nano and microparticles in wood and this may lead to greater use of the technology as interest in the treatment of wood with inorganic nano and microparticles grows.
